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The polymerase chain reaction (PCR) has become one of the central techniques in many fields such as disease diagnostics and forensic identification since its invention in 1988 (1) . Despite its widespread applications, the technique can be fraught with difficulties at times. One of the most common problems is the failure of the technique in certain situations, typically when amplifying low-copy, GC-rich, complex samples. Given the rapid development of biology and nanotechnology, PCR has recently attracted new interest but also faces new problems. For instance, aptamers are nucleic acid molecules that have been selected in vitro to bind to their molecular targets with high affinity and specificity (2) . PCR is involved in each cycle of the selection and significantly affects the enrichment efficiency of the synthetic single-stranded DNA (ssDNA) pool (3) . PCR bias has been observed in the aptamer selection process (4) (5) (6) , which can cause reduced aptamer selection efficiency or even failure of the selection. Recently, nanomaterials have found many applications in the field of biology. It is believed that some recombinant DNA technologies will be enhanced by nanotechnology in the near future (7) . A broad spectrum of nanomaterials has been applied in PCR to dramatically improve its specificity or sensitivity (8) (9) (10) (11) (12) . However, there are also some reports of nanomaterials inhibiting PCR (13) .
To address these issues, a variety of PCR additives and enhancing agents have been used to increase the yield, specificity, and consistency of PCR reactions. The most popular additives include small organic molecules such as dimethyl sulfoxide (DMSO) (14, 15) ; glycerol (16, 17) ; betaine monohydrate (15, (18) (19) (20) ; formamide (16, 21) ; tetramethyl ammonium chloride (22,23); 7-deaza-2´-deoxyguanosine (24); non-ionic detergents such as 0.1%-1% Triton X-100, Tween-20, or NP-40 (25) ; or proteins such as BSA (13, (26) (27) (28) and T4 gene 32 protein (gp32) (27). Unfortunately, these enhancers only work well for some situations. For example, DMSO and betaine monohydrate are only useful if the templates are GC rich (~55% or greater). They both help to melte secondary structures that prevents the polymerase from reading through those regions. If the GC percentage of the template is less than 50%, these reagents will inhibit the PCR. Non-ionic detergents can neutralize sodium dodecyl sulfate (SDS) left over from template DNA preparation that would inhibit the reaction. Non-ionic detergents also stabilize Taq polymerase and suppress the formation of secondary structure, resulting in increased yield, but may also increase nonspecific amplifiBovine thrombin enhances the efficiency and specificity of polymerase chain reaction The polymerase chain reaction (PCR) has become one of the central techniques in molecular biology since its invention. However, PCR can be fraught with difficulties in various situations, and it is desirable to find novel PCR enhancers suitable for universal applications. Here we show that bovine thrombin (BT), a well-known coagulation protein, is exceptionally effective at preventing the formation of primer dimers and enhancing the formation of the desired PCR products. The PCR enhancement effects of BT were demonstrated by testing various types of samples, including low-copy synthetic single-stranded DNAs (ssDNAs), synthetic ssDNA pools, human genomic DNA, and hepatitis B virus genomic DNA. In addition, BT was also able to effectively relieve PCR inhibition by nanomaterial inhibitors such as gold nanoparticles (AuNPs) and graphene oxide (GO). Compared with BSA, one of the most popular PCR enhancers, BT was more effective and required concentrations 18-178 times less than that of BSA to achieve a similar level of PCR enhancement.
Reports

METHOD SUMMARY
We found that bovine thrombin (BT) is a universal and highly effective PCR enhancer. BT was more effective and required concentrations 18-178 times less than that of BSA to achieve a similar level of PCR enhancement. cation. BSA has proven particularly useful when attempting to amplify ancient DNA or templates that contain PCR inhibitors, such as melanin, by increasing DNA polymerase stability and reducing the loss of reagents through adsorption to the tube walls, but it has essentially no effect when the templates are GC rich. It is therefore quite desirable to find novel PCR enhancers that are capable of improving PCR with more general applications.
Thrombin is a biologically important, well-known serine protease protein that converts soluble fibrinogen into insoluble strands of fibrin and catalyzes many other coagulation-related reactions (29, 30) . In a previous study, we found that bovine thrombin (BT) can strongly and competitively adsorb onto the surface of gold nanoparticles (AuNPs) in a typical nanoPCR assay (31) . In this study, we found that BT is quite effective as a universal PCR enhancer.
Materials and methods
The synthetic single-stranded DNA (ssDNA) (L and G), ssDNA pool (P), and PCR primers were all synthesized by Sangon Biotech Co., (Shanghai, China) and purified by HPLC. Primer sequences are listed in Table 1 . The concentrated 100 mM DNA stock solutions were all prepared in ultrapure water from a Milli-Q system. Human male and female genomic DNA samples from whole blood from multiple anonymous donors were purchased from Promega (Madison, WI) at concentrations of 172 mg/mL and 169 mg/mL, respectively. The QIAamp DNA Blood Mini kit was purchased from Qiagen Inc. (Essen, Germany). Hepatitis B virus (HBV) serum samples were obtained from the hospital, and the typical gene sequences of the PCR targets are described in the Supplementary Material. BT was purchased from Sigma-Aldrich (catalog number: T4648; St. Louis, MO). BT was lyophilized from a solution containing sodium chloride and Tris-HCl, with a pH of 7.0 and activated with bovine brain thromboplastin. The specific activity of BT was 40 to 300 NIH units/mg. BSA (fraction V, cold alcohol isolation) was purchased from Sangon Biotech Co. (catalog number: 9048-46-8). Premix Taq Version 2.0 and SYBR Premix Ex Taq were purchased from TaKaRa Bio. Co. (Dalian, China) and used for regular PCR and real-time PCR (RT-PCR), respectively. PCR was performed using a Bio-Rad (Hercules, CA) DNA Engine Peltier thermal cycler. RT-PCR was performed using the iQ5 Real-Time PCR Detection System (Bio-Rad). SYBR gold nucleic acid gel stain was purchased from Invitrogen (Carlsbad, CA) for DNA detection in electrophoresis gel. Hydrogen tetrachloroaurate trihydrate (HAuCl 4 ·3H 2 O) and trisodium citrate were purchased from Acros Organics Inc. (Carlsbad, CA). Colloidal AuNPs (13 ± 1 nm) were prepared in our laboratory following previously reported procedures (32) . Graphene oxide (GO) was purchased from Nanjing XFNANO Materials TECH Co. (Nanjing, China).
PCR cycling conditions
The following PCR cycling conditions were used for all experiments in this study: PCR consisted of an initial 30 s preheating at 95°C followed by 33 amplification cycles of denaturation at 94°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 30 s. The PCR tubes were then kept at 4°C before gel electrophoresis.
For PCR of L and G, the 100-mL PCR mixture contained 50 mL Premix Taq Version 2.0, L or G (600 copies), BT (2.5 mg/ mL), forward (FP) and reverse (RP) primers (25 pmol each). For PCR of P, the 50-mL PCR mixture contained 25 mL Premix Taq Version 2.0, ssDNA pool (3000 copies), forward and reverse primers (pool-FP and pool-RP, 25 pmol), and BT or BSA (25 mg/ mL).
For PCR of human amelogenin genes, the 50-mL PCR mixture contained 25 mL Premix Taq Version 2.0, male genomic DNA (172 ng) or female genomic DNA (169 ng), forward and reverse primers (GEN-FP and GEN-RP, 20 pmol). AuNPs, GO, BT, or BSA were added at the concentrations as specified in the figure captions. The AuNP colloid was prepared according to the literature (32) , and detailed preparation steps are described in the Supplementary Material.
For the PCR of an HBV serum sample, HBV genomic DNA was extracted from 100 mL of a serum sample using a QIAamp DNA Blood Mini kit. The 15-mL PCR mixture contained 7.5 mL Premix Taq Version 2.0, 1.2 mL HBV DNA sample, forward and reverse primers (HBV-FP and HBV-RP, 10 pmol), and BT (84 mg/mL). PCR cycling conditions were the same as described for PCR of L and G, except the initial preheating time was 45 s, and the extension time was 35 s.
Real-time PCR cycling conditions
The total volume of the RT-PCR mixtures was 20 mL. The mixture contained 10 mL SYBR Premix Ex Taq, ssDNA pool (1.2 × 10 4 copies), BT (64 mg/mL), and primers (pool-FP and pool-RP, 10 pmol), respectively. PCR cycling conditions consisted of an initial 30 s of preheating at 95°C followed by 40 amplification cycles of denaturation at 95°C for 20 s, annealing at 56°C for 30 s, and extension at 72°C for 30 s. PCR tubes were then maintained at 4°C.
Gel electrophoresis
PCR products were all analyzed on nondenaturing polyacrylamide gels (10%) through a vertical electrophoresis system with the voltage set at 150 V for 50 min, in 1× TBE buffer. After staining with SYBR gold nucleic acid gel stain for 10 min, photos were taken through the gel documentation system (Bio-Rad). (33, 34) . The gender determination method is based on a 90-bp deletion on the human X chromosome in an X-Y homologous region. According to the primer design (Table 1) , two PCR products (79 bp and 169 bp) are expected for male samples, and a single (79 bp) PCR product is expected for female samples. We used one human male and one female sample for the PCR. Two typical clinical HBV samples, one with a low DNA concentration and the other with a high DNA concentration, were tested. As shown in Figure 1A , in the presence of BT, the primer dimer bands all disappeared, and the yields of the product substantially increased for synthetic template G, L, and P. The RT-PCR of P also confirmed the PCR enhancement effect of BT (Supplementary Figure S2) . The presence of BT (64 mg/mL) reduced the threshold ~5 cycles for the assay containing 1.2 × 10 4 copies of random ssDNAs. In the presence of BT, the melting curve revealed a unique melt peak around 83°C, suggesting specific amplification (Supplementary Figure S2B) . The peak position was quite constant, and the melting curves of the three replicates overlapped with each other. In contrast, without BT, the intensities of the main peaks were much lower than those of the samples containing BT, and the peak positions also significantly varied among three replicates, indicative of nonspecific amplification. Many selection methods use stringent selection conditions to speed up the aptamer selection, where the concentration of the pool is quite low (35) (36) (37) . The improved efficiency of PCR of the low-copy GC-rich sequences and the pool would certainly be of benefit for a successful selection process.
BT also improved the PCR efficiency of a complex genetic sample, where high concentrations of unrelated DNA molecules were present. As shown in Figure 1B , for the PCR amplification of amelogenin genes in the human male genomic DNA sample, without BT there were three bands, which corresponded to the 2 expected products (79 bp and 169 bp) and the primer dimer. To prevent the formation of the primer dimer, several factors have been tested, including annealing temperature, template amount, and primer length. No acceptable level of reproducibility was achieved, and the formation of primer dimers remained a major problem (Supplementary Table S1 ). However, the primer dimer band consistently disappeared when BT was added to the PCR mixture at concentrations ≥25 mg/mL.
The concentration of the target virus DNA in clinical HBV samples varies greatly from sample to sample. It is critical to specifically amplify both low-and high-copy samples to avoid false diagnostic results. As shown in Figure 1C , for low-copy HBV samples, no PCR product was formed through regular PCR. However, a clear product band was observed when BT (84 mg/mL) was added to the PCR mixture. For one sample with a high target concentration, some nonspecific products were formed along with the correct product in the absence of BT. Only the desired product was formed when BT (84 mg/mL) was added to the PCR mixture ( Figure 1C ). The sequence of the product was confirmed by DNA sequencing and is provided in the Supplementary Material (38) .
We further found that BT can effectively relieve PCR inhibition caused by the two most widely used nanomaterials, AuNPs and GO, at efficiencies at least 178 and 18 times higher than BSA, respectively. As shown in Figure 2 , in the presence of 0.2 nM AuNPs, PCR amplification of the human male amelogenin gene was completely inhibited. BT can completely relieve the PCR inhibition of the human male amelogenin gene (172 ng in a 50-mL PCR mixture) caused by AuNPs, even at very a low concentration of 3.7 mg/mL. BSA at a concentration of 660 mg/mL, corresponding to ~178 times 3.7 mg/mL, can only recover ~50% of the PCR activity, according to the brightness of the bands. In addition, there Vol. 57 | No. 6 | 2014 was a wide concentration range in which BT could effectively work, and no inhibition was observed. BT also worked ~18 times better than BSA in retrieving the PCR activity inhibited by GO ( Figure 2B ). Higher concentrations of BT were required to completely retrieve the PCR inhibition caused by the higher concentrations of AuNPs (0.5, 1.0, and 2.0 nM) or GO (0.5, 1.0, and 5.0 mg/ mL) (Supplementary Figures S3 and S4) .
Direct comparisons between the BT and BSA PCR enhancement were further conducted in the absence of nanomaterials ( Figure 3A) . The results showed that clean PCR products without primer dimers were formed when the concentration of BT reached 25 mg/mL or that of BSA reached 500 mg/mL. In this test, BT was ~20 times more efficient than BSA. BT also worked more efficiently than BSA in the enhancement of PCR of the low-copy synthetic ssDNA pool (P) (3 × 10 5 copies in a 50 mL PCR mixture) and the female human genomic DNA. As shown in Figure 3B and C, at the same concentration (5 mg/mL or 25 mg/mL), BT promoted the formation of the desired products but BSA did not. Further studies are required to assess whether BT works more efficiently than BSA in other situations.
In summary, we have found that BT is a universal and highly effective PCR enhancer. We demonstrated that BT was able to prevent the formation of primer dimers, increase the yield, and improve the specificity of PCR for various types of templates, including low-copy GC-rich synthetic ssDNA, a low-copy synthetic ssDNA pool, low-and high-concentration HBV genomic DNA extracted from serum, and human genomic DNA. BT can also relieve the PCR inhibition caused by nanomaterial inhibitors such as AuNPs and GO. Compared with BSA, the concentration of BT required for successful PCR was ~18-178 times less, which would certainly be an advantage for many downstream applications. The lower concentration of additives in PCR could avoid the need for further purification and prevent further loss of the product. For example, proteins can nonspecifically adsorb onto sensor surfaces such as gold electrodes and AuNP surfaces and severely deteriorate the sensitivity of the sensors (38, 39) .
The mechanism by which BT enhances PCR is not clear. The dilution curves for BT were much steeper than those for BSA (Figures 2 and 3A) . The results suggest that the mode of action of BT may completely different than that of BSA. Competitive adsorption of BT to the tube walls or the surfaces of nanomaterialsm, contributing to reduced reagent loss and the increased stability of DNA polymerase could be the main factor (40) . The isoelectric points of BSA and BT are 4.7 and 7.05, respectively. The pH of a typical PCR reaction mixture is around 8.0; thus, BSA would possess a higher negative charge than BT, resulting in the stronger electric repulsion of negatively charged DNA and nanomaterials such as AuNPs and therefore less of an effect on PCR enhancement (31) . We recently demonstrated that the interaction between BT and AuNPs is stronger than that between BSA and AuNPs, as determined by dynamic light scattering and UV-Vis measurements (31) . BT is a glycoprotein containing 1.7% glucosamine, 1.8% sialic acid, 0.61% galactose, and 0.95% mannose (41) . Compared with BSA, which has a carbohydrate content <0.8%, the significantly higher carbohydrate content of BT may also contribute to its PCR enhancement effect. In addition, under denaturing conditions such as those found in PCR, BT has a branched structure, in which the oligosaccharide chains covalently attach to the polypeptide side chain. In contrast, BSA has a linear structure under denaturing conditions. The significant difference in the structures of BT and BSA could also contribute to their performance in PCR. However, our sample sizes are small, and further investigation is required to elucidate the actual mechanism. (C) Amplification of the low-copy synthetic ssDNA pool (P) (3 × 10 5 copies in 50-mL PCR mixtures containing 25 mg/mL BT or BSA).
